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Abstract
The aerodynamic performance of a Darrieus wind turbine operating with the rotation axis tilted with respect to the free-stream wind
speed is investigated in this paper. An Unsteady Reynolds Averaged Navier Stokes (URANS) Computational Fluid Dynamics
(CFD) model is proposed in order to provide wind turbine manufacturers with a reliable simulation tool to forecast the power
conversion characteristics of vertical axis wind turbine prototypes that operate in tilted conditions. The outputs of the model are
compared against experimental performance of a non-tilted rotor corrected to the standard sea level conditions. Two different
tilted configurations are studied (i.e., a tilt angle of 10◦ and 20◦), and the aerodynamic performance are presented in terms of the
mechanical power production and the power coefficient. A sensible decrease in the power production is observed for increasing
tilt angles. Comprehensive physical interpretations of the results are provided, considering also the predictions of a methodology
based on semi-empirical methods.
Keywords: Vertical Axis Wind Turbines, Tilted Darrieus, 3D URANS CFD, Offshore Wind Turbines
1. Introduction1
During the last decade, wind energy has experienced a cubic growth [1] due to the increasing awareness for2
the need of a renewable energy source that could provide humanity with a solution to overcome the actual fossil3
fuel dependency. In this regard, the ongoing research on wind turbine technology development has resulted in new4
concepts that improve the production and reduce the cost of energy.5
Similarly to horizontal axis wind turbines, which are now being constructed in offshore locations in order to6
exploit the observed higher power density and increase its size without incurring Not In My Back Yard (NIMBY)7
issues, Vertical Axis Wind Turbines (VAWTs) are also recently object of research activities in order to prove the8
feasibility of offshore configurations with sensibly increased size. Among the different VAWTs types, Darrieus wind9
turbines are the most interesting due to the higher efficiencies and reduced loads compared to other configurations.10
∗Corresponding author, email: gabriele.bedon@dii.unipd.it, tel. +39 049 8276770
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Experimental tests on Darrieus turbines with increasing size were performed in the recent past by the most11
important research centers. Literature provides the aerodynamic performance for rotors with characteristic lengths of12
2 meters [2], 5 meters [3], 17 meters [4, 5], 34 meters [6], 37 meters [7, 8], and 96 meters [9, 10]. These tests provided13
the most reliable experimental results for the performance of these machines and enable wind turbine designers to14
perform validation studies of their simulation methods over the widest range of Darrieus configurations [11].15
Based on the experience of onshore installations, a variety of research projects aimed to deploy Darrieus wind16
turbines in offshore environments. Differently from horizontal axis wind turbines, whose installations generally17
include foundation technologies that constraint the turbine movement (e.g., monopile, gravity base, tripod base, and18
jacket structures) [12, 13, 14], a floating concept is being analysed for vertical axis wind turbines, which would allow19
its installation in deeper waters [15].20
Nowadays two main projects are being conducted by the main institutions of the offshore vertical axis wind turbine21
research. The Inflow project [16] aims at demonstrating the cost competitiveness and provide an industrial prototype22
of a helical Darrieus turbine that might be installed on a semi-submersible floater support structure. A 26 MW wind23
farm is designed as target to complete the first phase of its industrialization process, with 13 turbines to be built and24
installed, based on the background experience developed during onshore and offshore tests. The Deepwind project25
[17, 18, 19] proposed an equivalent floating offshore wind turbine concept, which consists of a long axis that rotates in26
the water, with a vertical axis Troposkien rotor placed on the top, a generator located at the bottom of the rotor and a27
sea-bed support structure system [20]. In this system, the vertical axis rotor is targeted to reach a power production of28
5 MW. The rotor swept area needed to obtain such power production leads the project researchers to adopt a modified29
Troposkien shape rotor [21] with a characteristic length of about 130 m.30
The aerodynamic performance for these type of rotors was estimated by considering the wind turbine as perfectly31
vertical (i.e., orthogonal) to the free-stream wind speed, despite the rotor, due to the floating support structure, will32
mostly operate in a tilted configuration. This approximation is usually made in most conventional semi-empirical33
models used to simulate the aerodynamic performance of vertical axis wind turbines e.g., the Blade-Element34
Momentum theory [22, 23, 24] or Vortex models [25]. Tilted conditions are generally treated by reducing the35
performance of a tilted rotor by considering only the projection of the free-stream wind speed on the rotor plane36
[26, 27].37
The purpose of the present work is to provide a modeling approach to forecast the aerodynamic performance of a38
tilted Darrieus rotor with a Troposkien shape. The limitations of conventional semi-empirical methods are overcome39
by considering an unsteady three-dimensional URANS k−ω SST CFD model, whose validation against experimental40
data for a 2 meter rotor [2] is presented in this paper. This size is adopted, beside for the availability of experimental41
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data, to compare the numerical predictions with the 2-meter Deepwind demonstrator [28], which is operating in these42
particular conditions. Results, however, have general validity, since the Troposkien shape is simply scaled for turbines43
characterized by larger dimensions.44
2. Experimental Data45
The experimental data provided by Sheldahl [2] of a 2-meter wind turbine are considered in the validation of46
the URANS-based simulations. The rotor is 2-meter high with a maximum radius of 0.98 m. The blade shape is47
straight-circular-straight (SCS): this is considered a good approximation of the Troposkien architecture [21] but it is48
cheaper to manufacture. The physical characteristics of the wind turbine are reported in Table 1, while a picture of49
the wind turbine installation at the Sandia test site is shown in Figure 1.50
H [m] 2
R [m] 0.98
NB [-] 3
Blade profile NACA 0012
Blade shape Straight-circular-straight (SCS)
c [mm] 58.77
Table 1. Main geometrical features of the baseline rotor configuration.
Figure 1. Sandia 2-meter Darrieus wind turbine installation (from: [2]).
Open-field and wind tunnel tests were conducted considering two rotational speeds, 400 rpm and 460 rpm. The51
two tests provide results in good agreement with respect to the tip speed ratio. The comparison with the URANS-based52
simulations is therefore performed considering only the experimental data from the wind tunnel test at a rotational53
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speed of 400 rpm. The technical report [29] indicates that the chord Reynolds number, defined as:54
Rec =
ωRc
ν
(1)
was kept constant for this specific test at a value of 1.54 · 105.55
The cinematic viscosity for the test can be evaluated and results to be ν = 1.566 · 10−5 m2/s. This value is different56
from the common reference value at the standard sea level, which will be also adopted in the CFD simulation. In fact,57
considering an air density of ρ = 1.225 kg/m3 and a dynamic viscosity of µ = 1.789 · 10−5 kg m/s [30], the cinematic58
viscosity at the standard sea level is ν = 1.460 · 10−5 m2/s.59
Retaining the original chord Reynolds number, a corrected rotational speed can be calculated from the standard60
cinematic viscosity, which results to be 371.09 rpm. The tip speed ratios are also corrected and a shifted performance61
curve is obtained, which is reported in Figure 2. This curve, which represents the rotor efficiency at the standard sea62
level, is considered in the following CFD validation.63
Figure 2. Original and cinematic viscosity corrected performance of the Sandia 2-meter rotor from the wind tunnel test.
3. CFD Validation64
The URANS CFD simulations are conducted employing the commercial software Ansys Fluent 14.5 [31]. The65
adopted turbulence model is the k − ω SST. This model was chosen due to its accuracy and reliability to predict66
complex aerodynamics under a wide of fluid flow conditions, including cases with adverse pressure gradients acting67
on two-dimensional airfoils [32, 33]. The introduction of a blending function, which combines the Wilcox k−ωmodel68
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and the standard k− , ensures that the model equations behave appropriately in both the near-wall and far-field zones.69
In the near-wall boundary, the k equation of the k − ω SST model is treated in the same way as the k equation of the70
k − , which relies on the enhanced wall treatment approach. This means that for spatial discretizations concentrated71
towards the wall, which are defined by values of the dimensionless wall distance y+ [31] close or lower than the unity72
(hereinafter referred as ”fine meshes”), the appropriate low-Reynolds-number boundary condition is applied, while73
the wall function approach is used for meshes characterized by y+ values larger than unity, hence properly taking into74
consideration the inner layers of the boundary layer. [31]. The simulation is set to unsteady with a timestep equal to75
the time needed for the rotor to perform an azimuthal rotation of 1 degree. The spatial and temporal discretizations76
are performed considering second order schemes. The time-step converges when the scaled residual values [34] fell77
below 10−5, since lower values would not lead to sensible difference in the estimations [35]. The rotor torque varies in78
every time step due to the simulation unsteadiness. The final average torque value T is estimated when the simulation79
is considered as periodic, i.e. when the difference between average torque values in sequential rotational periods is80
lower than 1%. This value is adopted to compute the power production P and the power coefficient CP, in formulas:81
CP =
P
0.5 · ρ · A · v3 =
T · ω
0.5 · ρ · A · v3 (2)
The Sandia turbine is modelled as a three-blade rotor with the physical characteristics reported in Table 1. The82
three blades are connected with each other on the top and the bottom of the rotor through the introduction of two83
truncated cones. The central shaft is disregarded in the simulation due to the lack of information about its geometry [2],84
and due to the limited effect of its wake, which affects only the downwind production [32, 35, 36]. This approximation85
moreover helps to reduce the computational complexity.86
The simulation domain is rectangular with an allowance axial and vertical distances respectively of 20 m and 3 m.87
This shape is selected to reproduce a virtual wind tunnel with neglectable blockage effects: the adopted distances,88
largely greater than 10 times the chord length, were chosen to minimize the influence of the boundary walls. The89
domain is divided into two sub-domains, gallery and cylinder, to define different spatial discretizations and the rotor90
motion in the cylinder domain. The two domains are shown in Figure 3, where the size and the boundary conditions91
are also indicated. The validation case with the 2-meter rotor presents a perfect symmetry between the top and the92
bottom rotor halves, since a uniform wind speed is imposed at the velocity-inlet. Thus only half of the rotor is93
simulated, placing a symmetry boundary condition at the rotor middle plane. A velocity inlet boundary is imposed at94
the inlet, considering a uniform wind speed. The outlet is considered as a pressure outlet, with a gauge pressure of95
0 Pa. Since the simulation aims to reproduce the wind tunnel tests, a low level of turbulence is set both at the inlet and96
the outlet: the turbulence intensity was 0.1% and the turbulent viscosity ratio was 10, as suggested by the software97
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User Guide [37]. The blades are considered as no-slip walls. Since additional details are not provided by the reference98
paper from Sheldahl [2], walls are considered smooth with a roughness height of 0 m.99
Figure 3. Scheme of the computational domains with boundary conditions and sizes.
A sensitivity analysis is conducted to study the most important mesh parameters. A hexahedral mesh extrusion is100
created over the rotor blades, in order to simulate the blade’s boundary layer. The first element height is estimated by101
imposing the maximum y+ value in all the rotor near-wall cells to be lower than 1, an approximated value which is102
reported to maximize the reliability of the turbulence model [31]. The number of mesh extrusion steps and the growth103
rate were object of investigation, since these parameters strongly influence the total number of discretized elements,104
while other parameters are kept constant as reported in Table 2.105
Number of elements on the blade airfoil 244
Number of elements on the blade lenght 300
Leading edge spacing [mm] 0.15
Trailing edge spacing [mm] 0.20
First layer height [mm] 0.011
Cylinder wall mean element size [mm] 85
Gallery wall mean element size [mm] 350
Volume mesh growth rate 1.15
Table 2. Geometrical parameters of the baseline mesh.
Two different configurations for the boundary layer extrusions were considered:106
(i) 27 steps with a growth rate of 1.15;107
(ii) 15 steps, 10 layers with a growth rate of 1.15 and 5 layers with a growth rate of 1.5.108
Simulations are conducted considering tip speed ratios between 2 and 6 and the results are reported in Figure109
4. The peak power coefficients and their tip speed ratios obtained with both mesh configurations are close to the110
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experimental data. A good agreement is also registered with both mesh configurations at high tip speed ratios, whereas111
for low tip speed ratios the mesh with 15 steps is overpredicting the performance. The difference is, however, very112
limited.113
Figure 4. Simulation results with two different configurations for the boundary layer extrusion.
Moreover, the mesh with 15 steps is capable to capture completely the boundary layer when the airfoil is not114
stalling. The turbulent viscosity ratio experiences, in fact, a large rise and dissipation confined in the prism layer, as115
can be seen in Figures 5(a) and 5(b) for two azimuthal positions. This is not observed in Figure 5(c) for a different116
azimuthal position, since the airfoil stalls and the boundary layer is detached.117
On the other hand, the simulation of a tilted Darrieus turbine requires two times the number of discretized118
elements, since the the blade airfoils from the upper and lower rotor halves would interact with the fluid at different119
angles of attack. The number of elements required for the configuration with 27 step extrusion is not compatible with120
the available computational power, since it exceeds the 64 GB RAM requirements. Therefore the configuration with121
15 step extrusion is selected, showed in Figure 6.122
A sensitivity analysis is also conducted with respect to the number of elements on the base airfoils of the blade123
on a single operative condition, λ = 4. The simulation results are reported in Table 3. The CFD simulation with the124
higher number of elements is closer to the experimental result. On the other hand, a small difference is registered in the125
power coefficient values estimated by CFD simulations and, due to the limitation in the RAM usage, the configuration126
with 244 elements on the profile is adopted.127
The mesh is characterized by 13.8 millions of cells and the unsteady simulation requires about 60 GB of RAM128
memory. A computer equipped with a 8-core Intel Xeon E5-2650 2.00 Ghz takes about 10 minutes to complete a129
7
G. Bedon et al. / Journal of Wind Engineering & Industrial Aerodynamics 00 (2015) 1–17 8
(a) β = 12◦
(b) β = 132◦
(c) β = 252◦
Figure 5. Turbulent viscosity ratio near the airfoil at different azimuthal positions, λ = 4.5.
single time-step, whereas the final torque value is obtained after the simulation of 2500 time-steps on average.130
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Figure 6. Airfoil mesh with 15 step boundary layer extrusion.
Configuration Power Coefficient [-]
Experimental corrected 0.300
CFD, 244 elements on profile 0.294
CFD, 364 elements on profile 0.304
Table 3. Simulation results for λ = 4 with two number of elements on the profile of the blade airfoil.
4. Results and Discussion131
The domain for the tilted Darrieus simulation is created by rotating the cylinder domain around the rotor virtual132
central point with a defined angle. The gallery domain is reconstructed afterwards, as showed in Figure 7. The rotor133
rotation and the torque calculation are specified considering the new tilted axis.134
Figure 7. Scheme of the computational domains for the tilted configuration with boundary conditions and sizes, no to scale.
During offshore operations, the rotor blades should not impact the water during rotation. The tilt angle is therefore135
expected, and should be forced, not to exceed the angle at the Troposkien root, which is about 30◦. Simulations136
are therefore conducted considering two tilted configurations, with a tilt angle equals to 10◦ and 20◦. The power137
production P with respect to the free-stream wind speed v and the power coefficient CP with respect to the tip speed138
ratio λ for the two tilted configurations are reported in Figure 8, whereas the peak power coefficient values, the relative139
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tip speed ratios and their variations with respect to the vertical configuration are reported in Table 4.140
(a) Power production with respect to the wind speed.
(b) Power coefficient with respect to the tip speed ratio.
Figure 8. Aerodynamic performance for the two tilted configurations obtained with the URANS CFD simulations.
Configuration λ|max CP [-] max CP [-] ∆λ|max CP [-] ∆CP [-]
0◦ 4.5 0.3122
10◦ 4.5 0.2511 0.00% -19.57%
20◦ 4.0 0.1316 -11.11% -57.83%
Table 4. Peak power coefficient values, relative tip speed ratios and variations with respect to the vertical configuration.
The comparison between the performance of the non-tilted and tilted rotors can be analysed by considering141
the rotor behaviour before and after a particular operative point characterized by the operative condition of λ = 3,142
approximately equal to v = 14m/s. The tilted rotor operating at high tip speed ratios, corresponding to lower wind143
speeds, i.e. lower angles of attack, is experiencing an expected decrease in the power production due to the unfavorable144
effective wind direction. As reported by Johnson [38], the aerodynamic forces in a yawed wing can be estimated, for145
small angles of attack, by considering the two-dimensional aerodynamic coefficients but with different wind speeds:146
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the lift and the drag force should be computed, respectively, using the projected and the free-stream wind speeds, the147
former lower than the latter. Consequently, the reduction in the lift force with respect to the drag force will lead to a148
reduction in the rotor torque.149
As stated before, this trend is generally considered in the semi-empirical analysis by reducing the inflow wind150
speed, approximately by the cosine of the tilt angle [26, 27]. Figure 9 shows a comparison between the performance151
estimated by the URANS CFD approach and those obtained by interpolating the simulation results with a reduced152
inflow wind speed calculated as:153
v = v∞ · cos θ (3)
The accuracy of the prediction obtained by projecting the wind speed is very limited since performance are154
over-predicted with respect to the URANS CFD simulations for the lower wind speeds. Whereas a shifting trend155
of the production curve can be still observed, as the peak production is reduced and moved to higher wind speeds,156
a more accurate model to be adopted in semi-empirical methods is needed to predict this aerodynamic effect in the157
tilted rotors.158
The tilted rotor performance at tip speed ratios higher than λ = 3 are instead comparable to the vertical rotor159
configuration. The power coefficient values are super-imposed whereas a small increase in the power performance160
is observed. The reason behind this behaviour can be found in the profile aerodynamics. In the operative conditions161
above the peak power production, in fact, the rotor is operating at stalled conditions with large angles of attack. In162
these conditions, small variations in the angle of attack, due to the rotor tilt, lead to limited variations around the zero163
value of the tangential force coefficient Ct [22], defined as:164
Ct = CL sinα −CD cosα (4)
The coefficient values with respect to different angles of attack derived from the experimental NACA 0012165
coefficient database developed by Jacobs [39] and extended by Bedon et al. [11] are plotted in Figure 10 for two166
Reynolds numbers typical of these operative conditions. Variations in the rotor torque, calculated from the average Ct167
value, are therefore limited too. This explanation can be also confirmed by observing that the performance obtained168
by projecting the wind speed on the rotor plane, which involves a small change in the angle of attack, are in good169
agreement with those from URANS CFD simulations. Moreover, since the three-dimensional nature of the separated170
flow due to the boundary layer detachment influences the whole blade aerodynamics [40], no relevant differences171
between the tilted and vertical configurations should be expected.172
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(a) Tilt angle of 10◦.
(b) Tilt angle of 20◦.
Figure 9. Performance of the two tilted configurations, estimated by URANS CFD simulations and interpolation of the curve with a reduced wind
speed.
Figure 10. Tangential force coefficient Ct with respect to the angle of attack for two operational Reynolds numbers.
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5. Conclusions and Future Works173
This work presented a CFD-based study of the aerodynamic performance of a Darrieus wind turbine operating174
under tilted conditions.175
As a first step, an URANS approach based on the k−ω SST turbulence model was developed to predict the unsteady176
aerodynamics of the Darrieus rotor. A sensitivity analysis was conducted to determine the proper value of the most177
important parameters of the finite-volume domain discretization. Acceptable agreement between the experimental178
and the numerical results in non-tilted conditions was found, enabling the use of the model for the analysis of the179
tilted configurations.180
Two tilt angles were considered due to the operative restrictions linked to the Troposkien shape: 10◦ and 20◦.181
The performance of the vertical-axis wind turbine was reported in terms of the power production and the power182
coefficient. As expected, a reduced performance was observed with increasing tilt angle. However, two different183
trends were observed as a function of the tip speed ratio. For high tip speed ratios, a strong decrease in the power184
coefficient was observed. This performance attenuation is linked to the yawed airfoil theory. A comparison between185
the URANS estimations and the results obtained by simply projecting the wind speed along the rotor plane highlighted186
the limitation of the second approach, which is unable to account for the three-dimensional effects due to the tilted187
inflow. At low tip speed ratios, the tilted rotor performance was comparable with the perfectly vertical configuration.188
This behaviour is linked to the stalled operative conditions of the rotor, since the tangential coefficient Ct is little189
varying with a variation of the angle of attack. Estimations based on the wind speed projection, which relies on the190
same hypothesis, are in fact accurate.191
These computational predictions represent the first attempt to provide an estimation of the aerodynamic192
performance in tilted configurations, which are often experienced in offshore conditions. A validation with193
experimental results would provide a final confirmation on the accuracy of the CFD approach and would allow to194
perform a deeper analysis of the Darrieus aerodynamics in these unconventional operative conditions. Moreover,195
corrections for semi-empirical models could be developed in order to overcome the actual limitations, leading to more196
complete theories which could be adopted in much comprehensive analyses.197
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Nomenclature198
A [m2] Rotor swept area
c [m] Airfoil chord
CD [−] Airfoil drag coefficient
CL [−] Airfoil lift coefficient
CP [−] Rotor power coefficient
Ct [−] Tangential force coefficients
H [m] Rotor height
NB [−] Number of blades
P [W] Power produced by the turbine
R [m] Rotor maximum radius
Rec [−] Chord Reynolds number
T [Nm] Final average torque value
v [m/s] Reference wind velocity
v∞ [m/s] Free-stream wind velocity
y+ [−] Dimensionless wall distance
α [◦] Airfoil angle of attack
β [◦] Airfoil azimuthal position
λ [−] Tip speed ratio
µ [kg m/s] Dynamic viscosity
ν [m2/s] Cinematic viscosity
ρ [kg/m3] Air density
θ [◦] Rotor tilt angle
ω [rad/s] Rotor rotational speed
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